We evaluated the utility of arterial spin labeling (ASL) imaging of tumor blood flow (TBF) for grading non-enhancing astrocytic tumors.
Introduction
Astrocytic tumor is the most common primary brain tumor in adults. The grading of astrocytic tumors is important for prognosis and for choosing the optimal treatment strategy. 1, 2 In general, high-grade astrocytomas (HGAs) exhibit signal enhancement on post-contrast MRI due to blood-brain barrier disruption with neovascularization, while low-grade astrocytomas (LGAs) are homogeneously nonenhancing. 3, 4 However, some malignant astrocytomas can also be nonenhancing on traditional MRI modalities, leading to misdiagnosis of tumor grade. [5] [6] [7] When traditional MRI methods are insufficient for tumor characterization, advanced imaging methods such as gadolinium-based perfusion-weighted MRI can predict histopathologic grade by revealing signs of microvessel proliferation. 3, [7] [8] [9] [10] Cerebral perfusion can also be measured using non-contrast arterial spin labeling (ASL) perfusion imaging, which estimates cerebral tissue blood flow using magnetically labeled arterial blood water as an endogenous tracer. 11 The absence of an exogenous contrast agent may make ASL preferable as a reproducible, quantitative technique in daily clinical practice. 12, 13 Indeed, multiple studies have reported strong correlations between ASL and gadolinium-based dynamic susceptibility contrast (DSC) MRI in brain tumor diagnosis and grading. [14] [15] [16] In addition, several studies have demonstrated that tumor blood flow (TBF) estimated by preoperative ASL can discriminate low-from high-grade astroglial tumors. 14, [17] [18] [19] However, ASL has not yet been characterized for the evaluation of nonenhancing brain tumors. In this study, we assessed
the diagnostic utility of ASL for grading nonenhancing astrocytic tumors.
Materials and Methods

Patients
This retrospective study was approved by the Tokushima University ethics committee and written informed consent was obtained from all patients prior to enrollment. We reviewed our institutional database between 2010 and 2016, and included only patients meeting the following criteria: 1) histopathologically confirmed astrocytoma, 2) no contrast enhancement on post-contrast T 1 -weighted imaging (CE + T 1 WI), 3) no treatment history before MRI examination, and 4) conventional and ASL parameters obtained on the same MR machine. We did not include pilocytic astrocytoma, which frequently occurs in pediatrics patients. 20 Finally, 13 patients with nonenhancing astrocytoma (seven men and six women; age 52.15 ± 17.98 years; range, 19-77 years) were included and divided into high-grade (n = 7) and low-grade (n = 6) groups based on the 2007 World Health Organization (WHO) classification.
1 Total resection was performed in six cases (five HGAs, one LGA), partial resection in three cases (one HGA, two LGAs), and a biopsy in four cases (one HGA, three LGAs).
MRI protocols
All MR images (CE + T 1 WI, T 2 WI, fluid attenuated inversion recovery [FLAIR] , T 1 WI, DWI, and ASL) were acquired on the same 3T scanner (Discovery 750 3.0T; GE Healthcare, Milwaskee, WI, USA) using a standard 8-channel head coil.
CE + T 1 -weighted images were acquired using a 3D fast spoiled gradient-echo (FSPGR) sequence after injection of 0.1 mmol/kg body weight gadopentetate dimeglumine Gd-DTPA (Magnevist; Bayer HealthCare, Berlin, Germany) using a power injector (Medrad Inc, Indianola, PA, USA) at 2.5 ml/s followed by a normal saline (20 ml) lock-flush at the same rate. Scan parameters for 3D FSPGR were TR 10.4 ms, TE 4.4 ms, bandwidth 31.25 kHz, slice thickness 1.2 mm, matrix 384 × 256, flip angle (FA) 15°, number of excitations (NEX) 1, FOV 24 × 24 cm, acceleration factor 2 × 2, number of slices 160, and acquisition time of 3:34 min.
Axial T 2 -weighted images were acquired using a fast recovery fast spin-echo (FRFSE) sequence with the following parameters: TR 3000 ms, TE 96 ms, bandwidth 125.00 kHz, slice thickness 5 mm, matrix 256 × 256, echo train length 12, FA 111°, NEX 1, FOV 24 × 24 cm, acceleration factor 2 × 2, number of slices 25, and acquisition time of 3:34 min.
The ASL images were acquired as described previously. 21 Briefly, ASL was performed with pseudo-continuous labeling, background suppression, and a stack of spiral 3D fast spin-echo imaging sequences using the following acquisition parameters: 512 sampling points on eight spirals, FOV 
Data analysis
ASL and conventional MRI data were transferred to a workstation with commercially available software (Advantage workstation AW 4.6; GE Healthcare). Two neuroradiologists (K.D and H.M., with 7 and 20 years of experience, respectively) assessed the MR images, and confirmed that none of these tumors was presented any contrast enhancement on CE + T 1 WI. The placement of ROIs was also defined by the two neuroradiologists who were not provided knowledge of histopathological information. Next, all measurements were performed by a neuroradiologist (K.D) who has neuroimaging research experience. For each tumor, five circular ROIs (approximately 150 mm 2 each) were manually drawn on the middle of the tumor by using two to three trans-axial slices had the largest tumoral hyperintensity for T 2 WI while avoiding areas of large vascular, non-tumoral, calcified, or hemorrhagic. All ROIs were copied to the corresponding ASL map.
Other conventional MR sequences such as CE + T 1 WI, FLAIR, and T 1 WI were also used as references for defining tumor position.
We measured absolute maximum TBF (TBF max ) and absolute mean TBF (TBF mean ) of the five ROIs, and the corresponding TBF values normalized by cerebellum (TBF max ratio and TBF mean ratio, respectively). For the relative TBF measurements in each patient, a total of four circular ROIs  (approximately 200 mm 3 ) were performed in the bilateral cerebellar hemispheres, including both white and gray matter areas; then, the averaged mean cerebral blood flow (CBF) values from these reference ROIs were used for further analysis. Use a cerebellar reference region for normalization was described previously. 16 
Statistical analysis
All statistical analysis was performed using SPSS Ver. 20 (IBM, Armonk, NY, USA). The Mann-Whitney U test was used to compare ASL TBF measurements between LGA and HGA. Receiver operating characteristic (ROC) curve analysis was used to assess the diagnostic accuracy of these TBF parameters for differentiating tumor grades. Data are presented as means ± standard deviation (SD). All statistical tests were two-tailed and a P < 0.05 was considered significant.
Results
In this study, 7 of the 13 nonenhancing astrocytic tumors (53.8%) were high-grade according to WHO criteria. There was no significant difference in mean age or sex ratio between HGA and LGA groups. Individual tumor characteristics and the ROI values of all TBF variables are presented in Table 1 .
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Absolute and normalized TBF max values were significantly higher in HGA than in LGA (absolute TBF max : 90.93 ± 24.96 vs 46.94 ± 20.97 ml/100 g/min, P < 0.001; absolute TBF mean : 58.75 ± 19.89 vs 31.16 ± 17.63 ml/100 g/min, P < 0.001; TBF max ratio: 3.34 ± 1.22 vs 1.35 ± 0.5, P < 0.001; TBF mean ratio: 2.15 ± 0.94 vs 0.88 ± 0.41, P < 0.001). The diagnostic accuracy of all ASL parameters for distinguishing HGA from LGA was examined by ROC analysis (Fig. 1) . The area under curve (AUC) was 0.910 for TBF max , 0.852 for TBF mean , 0.974 for TBF max ratio, and 0.917 for TBF mean ratio. Absolute TBF max with a cut-off value of 62.91 ml/100 g/min discriminated HGA from LGA with 91.4% sensitivity and 83.3% specificity, while TBF max ratio with a cut-off of 1.90 discriminated HGA from LGA with 100% sensitivity and 86.3% specificity. Mean TBF values were less accurate; absolute TBF mean with a cut-off of 40.37 ml/100 g/min yielded 85.7% sensitivity and 70.1% specificity, while TBF mean ratio with a cut-off of 1.18 distinguished HGA from LGA with 91.4% sensitivity and 76.3% specificity. Representative images from cases with HGA and LGA are illustrated in Figs. 2 and 3 .
Discussion
Characterization of nonenhancing malignant astrocytoma has always been a challenge using conventional MRI. Furthermore, the relationship between tumor histopathologic grade and degree of contrast enhancement is not definitive. About 40% of nonenhancing brain neoplasm could be malignant, 7, 8 whereas some
LGAs show contrast intensity. 22 The optimal treatment strategy differs according to grade. Maximum surgical resection of tumor tissue is necessary for HGA, while radiotherapy and monitoring are often recommended for LGAs. Even with optimal treatment, survival time is only 1.5-5 years for HGA compared to 8-10 years or more for LGA. 2, 4, 23 Earlier and more accurate differentiation may improve these survival rates.
Histopathologic HGA is highly vascular, while angiogenesis in LGA resembles that of normal brain. ASL perfusion imaging can define tumor grade and type according to microvessel density. 15, 17 Indeed, all TBF parameters measured in this study were greater in HGA. However, absolute TBF max and TBF max ratio were more accurate than either TBF mean parameter (Fig. 1) . Most previous studies of ASL for glioma grading, 12, 14 including astrocytomas, 19 also found that absolute TBF max and TBF max ratio were most accurate, with sensitivity up to 100%. It is known that ASL is sensitive to arterial transit time, which in turn varies markedly among healthy individuals depending on age, sex, and other factors. 14, 24 Tumor neovascularity is heterogeneously abnormal (including tortuous, expanded, and permeable regions), which creates substantial variation in transit time. 25 Presumably, normalization controls for a fraction of this individual variability among subjects and thus yields improved grading accuracy.
In this study, none of the HGAs had perfusion values below the cut-off (Table 1 ) and only one LGA showed perfusion above the cut-off, a finding consistent with a rCBV map derived from DSC MRI (data not shown). The two cases of grade IV astrocytoma (glioblastoma multiforme [GBM]) reported initially nonenhancing GBM with emergence of contrast on MRI over ensuing months. 6, 26, 27 Thus, ASL may allow for earlier detection of initially nonenhancing GBM. Further, early detection of LGA may prolong survival given that about 40% eventually undergo malignant transformation. 1, 2, 6, 22, 23 Contrast-based DSC MRI is currently the primary modality for cerebral perfusion measurements. Relative tumor blood volume (rTBV) measurement by DSC MRI positively correlated with nonenhancing glioma grade and discriminated low-grade diffuse astrocytoma from other lowgrade gliomas or anaplastic tumors.
3,7-9 Morita et al. 7 graded nonenhancing pure astrocytomas with sensitivity of 90.9% and specificity of 100% using a rTBF cut-off value of 1.94. Similarly, a CT perfusion study distinguishing nonenhancing gliomas as grade II or III achieved 83.3% sensitivity and 90.9% specificity using rTBV and 83.3% sensitivity and 81.8% specificity using rTBF. 28 Thus, relative tumor perfusion parameters derived from multiple modalities, including ASL, can successfully grade nonenhancing astrocytomas.
Alternatively, several studies using DSC MRI found no significant difference in rTBV among histopathological grades of nonenhancing glial tumors, including both oligodendrogliomas and astrocytomas. 29, 30 It is known that included in this series demonstrated the greatest perfusion values ( Table 1 ). The appearance of nonenhancing GBM on ASL perfusion imaging is similar to that of typical GBM, showing markedly hyper-perfusion. Multiple studies have ASL for Grading Nonenhancing Astrocytoma oligodendroglial tumors contain dense vascular networks, and thus could exhibit high perfusion. 31 Low-grade oligodendrogliomas often exhibit higher perfusion than LGAs. 3 Sometimes, it can also be indistinguishable from highgrade oligodendrioglioma on contrast perfusion modalitity. 32 A previous study reported that using ASL with low-grade oligodendrogliomas showed elavated perfusion values while high-grade oligodendroglial tumors exhibited decreased perfusion measurements. 33 Probably, the inclusion of oligodendriogliomas would also affect the reliability of ASL imaging for nonenhancing grading gliomas.
In addition to these perfusion imaging modalities, MR spectroscopy, diffusion MRI, and positron emission tomography (PET) are also used for the assessment of nonenhancing brain tumors. 29, 30, 34 However, no study examined the utility of ASL imaging for nonenhancing brain tumor grading. We suggest that ASL is another useful modality for preoperative grading of nonenhancing astrocytic tumors.
In the clinical setting, the role of ASL for brain tumor assessment has progressively expanded due to advantages such as repeatability in the absence of contrast agents such as gadolinium (Gd). Thus, ASL may prove to be a better option for brain tumor grading and treatment response in patients with renal insufficiency. Further, recent improvements in ASL perfusion imaging have resulted in higher signal-to-noise ratio, fewer artifacts, and 3D imaging with background suppression. 12 However, the transit delay effect remains an outstanding limitation to the accuracy of ASL, especially for cerebrovascular-occlusive diseases with long transit time. For compensation of transit time effect, post-labeling delay is applied in most ASL applications. 13 Limitations of this study include the small number of patients. However, most previous studies of nonenhancing brain tumors also included a small number of cases due to the rarity of nonenhancing malignant astrocytoma. Moreover, histopathologic examination of resection or biopsy samples is not always immediately performed for low-grade tumors, 4, 22, 23 which may have limited the inclusion of some nonenhancing brain tumors that were clinically suggestive of astrocytoma. We did not include gliomas with oligodendroglial components in the present analysis, but there is no standard criteria in differentiating astrocytomas from oligodendriogliomas. Therefore, gliomas can occur mixed form in containing both of oligodendroglial and astrocytic tumor cells that is a common subtype of glial tumors. 1 On the other hand, oligodendroglial tumors are more chemosensitive and have better prognosis than astrocytic tumors. 2, 7, 23 The histopathological diagnosis of some tumors in the current series was confirmed by either biopsy or partial resection. However, biopsy and partial resection are less invasive and have a lower mortality rate compared to total resection; the sampling error for a biopsy or small amount of tumor resection cannot assess the total tumor area, which can sometimes lead to insufficient determination of tumor grade. Alternatively, advanced MRI techniques such as spectroscopy, permeability, and perfusion were performed for all the tumor cases, aiding in more accurate tumor grading. Despite these limitations, the diagnostic utility of ASL for astrocytoma grading warrants larger-scale studies given the high accuracy observed in this small sample.
In summary, ASL perfusion imaging successfully distinguished LGA and HGA and therefore could be useful for preoperative grading of nonenhancing brain tumors. Among perfusion parameters evaluated, normalized maximal TBF provided the highest diagnostic accuracy for the tumor grade.
